Semiconducting or metallic nanoparticles offer numerous ways of manipulating the light-matter interaction, and offer huge potential in areas as diverse as plasmonics, sensing, photocatalysis, quantum cryptography, nanoscale electronics, and also imaging, diagnostic, and therapeutic uses in medicine.
SiNPs within porous silicon have size-dependent optical transition energies which can be tuned over the visible spectrum. 6 The photo-excitation of large SiNPs with weak quantum confinement generates indirect excitons with long lifetimes 7, 8 and a high probability of interaction with nearby molecules. One wellknown example is the direct electron exchange-controlled (Dexter-type) energy transfer from photo-excited SiNPs to isolated oxygen molecules in the ground triplet state 3 S, exciting these to the 1 S singlet state. [9] [10] [11] Singlet 1 O 2 is highly reactive, and can initiate cellular apoptosis, leading to possible applications in photo-dynamic cancer therapy. [12] [13] [14] Fig. 1 shows the reversible quenching of SiNP photoluminescence (PL) by adsorbed O 2 that can be used to monitor these energy transfer processes. In Fig. 1 , the broad PL band is made up of emission by a highly disperse ensemble of SiNPs in porous silicon ranging from weak to strong quantum confinement, thus providing donors over a wide energy range. With increasing confinement, there is a gradual transition from phonon-assisted to no-phonon PL 7, 8, 15, 16 with a rapid decrease in exciton lifetime, and so the probability of energy transfer declines. By comparison with many previous studies, the PL of Fig. 1 is typical of porous silicon and is consistent with a distribution of sizes from B2-9 nm, peaked at B3.5 nm. 23 Here, we consider one special example of this, the excitation of adsorbed oxygen dimers (or ''dimols'') (2O 2 ), which gives rise to the features marked in Fig. 1(b) . Similar features were reported earlier 24, 25 but tests of the dimer model have been lacking, and its dependence on spin selection rules has not been investigated. We have used magneto-PL measurements at low temperatures and obtain unusually clear signatures of energy transfer to 2O 2 . Magneto-PL measurements were carried out in liquid He (T B 1.5 K) in a superconducting magnet providing a field B of up to 6 T into which gaseous O 2 could be condensed on the cold SiNPs; the sample could be heated and pumped to remove the oxygen. PL measurements in zero field were carried out in a closed cycle cryostat (T Z 10 K) with the same capability of adding and removing O 2 . SiNPs were produced by electrochemical etching of p-type boron-doped silicon wafers and the nanoparticles were left supported within a porous etched layer of thickness B8 mm. The SiNP surface was exposed to air before measurements; by FTIR, we find surfaces treated this way to be substantially Si-H terminated but partially oxidised, by reference to characterization reviews. 6 Details of the etching and resulting porosity are given elsewhere. 26 PL from the SiNPs was excited by a continuous wave (CW) solid state laser (B450 nm, power B0.5 mW over area B1 mm 2 ) and PL from 2O 2 was excited using a mode-locked Yb-doped fiber laser (B1064 nm, repetition rate 20 MHz, average CW power B2-3 W); PL was detected using a response-corrected spectrometer (Acton SpectroPro 2300i) and cooled CCD. In Fig. 1 (a), we show the PL spectra of a porous Si layer at 290 K in the absence of O 2 ; the PL curve is featureless, showing that the dips that appear after O 2 exposure are not artefacts of the detection system. Oxygen was then adsorbed on the same layer at 10 K; earlier estimates based on similar PL spectra suggested an average of 7-8 O 2 molecules per SiNP.
27 Fig. 1(a) shows the PL is strongly quenched by energy transfer above the threshold energy 1.63 eV which corresponds 28 to the isolated O 2 triplet-singlet transition 3 S to 1 S. SiNPs emitting PL below this energy are less effectively quenched but the involvement of phonons in the PL emission produces a relatively sharp dip in the PL near 1.57 eV. 27 All spectral features present in Fig. 1 are quenching bands; for example, the prominent peak near 1.5 eV is simply the residual part of the PL spectrum for SiNPs lying below the 3 S to 1 S threshold. As T is increased for the same sample with high O 2 coverage, Fig. 1(b) shows that the PL intensity recovers to a featureless spectrum by around 100 K due to desorption of the O 2 . A new feature is the small dip in the PL spectra near 1.95 eV up to T B 80 K which suggests the presence of 2O 2 dimers, for which the 2( Charge transfer to the adsorbed oxygen will also quench the PL but does not introduce sharp spectral features [29] [30] [31] [32] and is impeded by any surface oxide layer. On the other hand, surface oxides may introduce silica-related defect states that can contribute to the observed PL particularly at higher energies (e.g., the ''blue band'' at B2.5 eV); 19 in this spectral region, the sensitivity of PL to O 2 is seen to reduce. Dangling bonds, however, act as non-radiative recombination centres 8 so that affected SiNPs will be undetected in PL. The present quenching bands affect luminescent SiNPs, are at lower energies than the blue band (r1.9 eV) and show silicon TO(D) phonon replicas, so we rule out charge transfer and common defect states as explanations for these features. Fig. 2 shows a PL spectrum of a SiNP sample with a high oxygen concentration to display the 2(
more clearly (marked by the solid blue vertical line), together with various replicas of this band which we discuss in the following. In the inset to Fig. 2 , we show the luminescence spectrum of oxygen from this sample, excited using pulsed excitation. 28 The two optical transitions of oxygen dimers at 1.95 and 1.75 eV are clearly seen (weak signals necessitated the low spectral resolution). The higher energy PL band is due to the 2( 1 D) -2( 3 S) transition and the lower band arises from the same electronic transition but with an increase in the vibrational quantum number of the dimer (energy of the O 2 stretch is B192 meV). The detection of these signals is a direct proof of the presence of oxygen dimers, since isolated oxygen molecules do not show PL at these energies. This supports earlier assignments 27 of the dip in the PL spectra to 2O 2 dimers; however, if only this dip is detected, it is not possible to conclude whether it arises trivially from optical absorption of the SiNP PL (e.g., by an intervening layer of oxygen dimers) or whether it is due to energy transfer from a SiNP exciton to an oxygen dimer adsorbed directly on the nanoparticle. Consideration of the data of Fig. 2 , however, shows that the latter interpretation is correct. Two more strong dips appear in the SiNP PL signal, centered at 1.89 eV and 1.68 eV. These are thus located at energy shifts of around 60 meV below the respective dimer absorption bands. This is similar to the behavior of the dip at 1.63 eV due to quenching of the PL by triplet-triplet Dexter-type energy transfer to isolated O 2 molecules, which appears in conjunction with a second dip at 1.57 eV. The resemblance is strong; for all of the quenching bands at 1.63 eV (isolated O 2 ) and at 1.75 eV and 1.95 eV (oxygen dimers) their lower-energy phonon replicas are as strong, or even stronger, than the quenching bands themselves.
This can be explained in terms of the indirect bandgap of silicon; quantum confinement effects in the SiNPs relax the momentum conservation requirements for radiative exciton recombination but not completely, so that phonon-assisted PL is still significant even for nanoparticles small enough that quantum confinement shifts give PL energies around 1.9 eV. 7, 8, 15, 16 Therefore, the SiNP PL band near the dimer transition energy must be attributed at least in part to momentum-conserving TO(D)-assisted exciton recombination. Two distinct sets of nanoparticles then dominate the transfer of exciton energy to a given adsorbate molecule: those (type A) whose exciton energy equals the adsorbate transition energy and those (type B) whose exciton energy is higher by a TO(D) phonon energy (57 meV), so that energy transfer is accompanied by TO(D) emission. 27 Thus, if nanoparticles of type A are quenched by energy transfer, a dip in the PL spectrum appears one TO(D) phonon energy below the adsorbate energy, whereas the dip located at the adsorbate energy arises from the quenching of higher energy SiNPs of type B.
In this model, we can also understand the difference in depth of the two dips of each pair in the PL spectrum. Firstly, the fundamental rates of transfer processes from SiNPs of type A and type B are not necessarily equal, since only the higher energy dip requires phonon-assisted emission. Secondly, those SiNPs emitting at the lower energy (type A) are larger than those of type B and thus have a potentially higher adsorbate coverage, higher net transfer probability, and deeper dip in the PL spectrum. If we model the SiNPs as spherical particles, we can use a proposed quantitative correlation between diameter and exciton energy 33 to estimate the increase in surface area from particles of type B to those of type A; we find increases of 11% (for B3 nm diameter particles with exciton energies near 1.95 eV) to 18% (B4.5 nm, 1.63 eV). For the high oxygen coverages discussed earlier, changes in surface area of this magnitude lead to one additional O 2 molecule on average being located on type A particles than on type B, and thus a stronger quenching dip for type A particles at the lower energy of each pair. Even for more realistic models of the SiNP shape, a correlation between surface area and exciton energy will still exist. 22 The observation of the replica at 1.89 eV of the dimer quenching band at 1.95 eV is crucial here because it gives a demonstration that energy transfer is the origin of the dimerrelated features: simple optical absorption of the SiNP PL by oxygen dimers would give absorption bands only at the two dimer transition energies, with no phonon-assisted replicas. This result may also lead to the re-interpretation of spectral features that have sometimes been ascribed to energy transfer to isolated O 2 via multi-phonon processes. Here all features of Fig. 2 are interpreted in terms of single-or no-phonon transfer processes. A phonon replica of one dimer band was identified in a previous report in time-resolved PL spectra 29 but its significance (allowing one to discount direct optical absorption by oxygen dimers) was not discussed. We believe the present data represents the first direct observation of this band in a CW experiment; furthermore, we also see energy transfer to dimers at 1.75 eV, which shows for the first time a vibrational signature of an adsorbate in the SiNP quenching spectrum. Finally, we consider the dependence of the SiNP:O 2 PL spectra on magnetic field at low T. We showed elsewhere that the PL recovers as the magnetic field lifts the spin degeneracies of the exciton and oxygen triplet levels and thereby suppresses the quenching by isolated O 2 due to triplet-triplet transfer. 26 This is evident in Fig. 3(a) , which shows that the PL recovers dramatically in intensity as the magnetic field increases from zero to 6 T; this magnetic field dependence establishes that the donor state for energy transfer to isolated O 2 is a triplet exciton, and implies that the same is true for the dimers. Fig. 3(b) presents the same data but normalized to the zero field spectrum. It is striking in Fig. 3(b) that the features due to dimers are absent after this normalization; thus, energy transfer to dimers accounts for a constant (field-independent) fraction of the PL. This can be understood if a constant proportion of the SiNPs have adsorbed dimers (as well as isolated O 2 molecules) and that the spin-conserving energy transfer to the dimers competes with transfer to isolated O 2 , as suggested by time-resolved studies. 29 The total depth of the dimer-related dips in the PL at 1.89 and 1.95 eV Fig. 3 (a) Photoluminescence spectra at 1.5 K of silicon nanoparticles with a high level of adsorbed oxygen for magnetic fields from zero to 6 Tesla; (b) the spectra of part (a) from 1 Tesla to 6 Tesla, normalized to the spectrum at zero field. The dashed lines indicate the expected energy positions of the quenching bands due to energy transfer to oxygen dimers.
in Fig. 3(a) is about 16% of the PL intensity at nearby energies and this is a direct measure of the proportion of SiNPs that have an adsorbed dimer available for energy transfer; thus, about 16% of the relevant SiNPs have one or more adsorbed dimers under the conditions of this particular experiment. By contrast, the rate of energy transfer to isolated O 2 is fielddependent so that its quenching features do not disappear on normalization, as seen in Fig. 3(b) . In summary, energy transfer takes place from photoexcited excitons in silicon nanoparticles to oxygen dimers adsorbed on the nanoparticle surfaces at low temperatures; phonon replicas of the PL quenching features demonstrate that this is due to resonant energy transfer from quantum confined SiNP excitons rather than via optical emission and absorption. These quenching bands reflect not only the electronic but also the vibrational energy levels of the adsorbed oxygen dimers. Finally, the process of energy transfer to oxygen dimers is found to be fast and independent of magnetic field.
